We have developed a new method for determination of serum ceruloplasmin from its oxidase activity, in which o-dianisidine dihydrochioride is used as substrate.
0.97).
There is little or no interference from reducing or colored components of serum. The coefficient of variation (day-to-day) for the method was 4.2%. A normal range of 62-140 U/liter has been determinedby the reported method. (3 ). There is also good correlation between serum ceruloplasmin and serum copper concentrations (4 ). Sharp changes in sequential serum ceruloplasmin concentrations in "high risk pregnancies" have been reported to mdicate changes in fetal status (5 ). At present the most commonly used method for following fetal welfare in late pregnancy is to measure urinary estrogen concentrations (6). The object of the present study was to develop a simple, specific, automatable assay for ceruloplasmin that might be useful for monitoring fetal development in "high risk pregnancies"
or even as a screening procedure during all pregnancies. plasmin in serum have been based on its blue color (10 ), or pphenylenediamine (11) (12) (13) . Enzyme activity has been measured in terms of International Units for pphenylenediamine on the assumption that the colored product obtained as a result of the oxidation is "Bandrowski's base," a trimer of p-phenylenediamine (14) . The procedure with this substrate has also been automated (15). However, these methods
(1 1-15 ) require special precautions and purification of substrate owing to light-and metal ion-catalyzed oxidation of the substrate and instability of the product (11 ). Furthermore, benzidine is a powerful carcinogen for humans (9) .
We have developed a new method for measuring the enzymatic activity of ceruloplasmin with o-dianisidine dihydrochloride (4,4'-diamino-3,3'-dimethoxy -biphenyl) 
Materials and Methods

Reagents
Acetate buffer solution, pH 5, ionic strength 0.1. Mix, in a 1000-ml volumetric flask containing 990 ml of water, 13.608 g of sodium acetate 3H20 (J. T. Baker Chemical Co., AR grade), and 2. mm" tube from the water bath, add 2.0 ml of the 9 molar sulfuric acid, and mix immediately. At exactly 15 mm remove the "15 mm" tube, add 2.0 ml of the 9 molar sulfuric acid and mix immediately. Measure the absorbance of the purplish-red solutions at 540 nm, in a cuvet having a 1-cm light path vs. de-ionized water as a blank. 3.0 = correction factor for the final measured solution volume; 20 correction for serum volume used (0.05 ml); and 10 incubation time (mm).
Calculations
Results
Verification of the Enzymatic Nature of the Reaction That the reaction is exclusively an enzymatic one was determined by preheating serum and buffer to different temperatures (30 to 85 #{176}C in 5 #{176}C increments) before assay at 30 #{176}C. Activity began to decrease in tubes that had been preheated to 55 #{176}C and higher, and was zero in the 85 #{176}C tube. Further, 5ev-eral sera having both normal and supranormal activities were studied in the presence and absence of sodiurn azide, which has been reported to inhibit enzymatic activity but not metal-catalyzed oxidation of diamines (12). Oxidase activity was completely inhibited in all cases by the presence of 7.7 smol of sodium azide in the reaction mixture, indicating that there was no catalytic oxidation of substrate by metal ions.
Color Development
The enzymatic oxidation of o-dianisidine dihydrochloride results in the formation of a yellowish-brown product. On acidification, a stable product is formed, the spectral characteristics of which depend on the acid concentration. Thus, addition of concentrated acid to the enzymatic reaction serves the dual purpose of stopping the reaction and forming a stable product that can easily be measured.
The acid also eliminates serum turbidity and dissolves the brown product, which precipitates in serum that has supranormal activity. Figure 1 A further increase in the acid concentration to about 12 mol/liter resulted in no further change in the value of the absorbance at 540 nm, and so 9 mol/liter sulfuric acid was selected for color de- velopment, because at acid concentrations higher than this viscosity became a problem.
Analytical Variables
Effect of pH:
The enzymatic activity of several pooled normal and pregnancy sera was measured over the pH range 3 to 6 (acetate buffer). Activity was maximal at pH 5.0.
Effect of temperature:
The reaction was studied at 25, 30, 35, and 37 #{176}C. Product formation was linear with time at each temperature over the range tested (19, 20) give Km values of 1.96 X 10-i, 1.85 X 1O, and 1.43 X 10 mol/liter, respectively, for the solutions described.
Linearity:
Zero-order kinetics obtained with respect to enzyme concentration for a pregnancy serum measured under the described assay conditions. The reaction rate was found to be directly proportional to the amount of serum incubated, at least up to a final absorbance reading of 1.000, which was equivalent to an enzymatic activity of about 440 U/liter in the sample measured.
Substrate stability:
Storing the substrate in a refrigerator at 4 #{176}C had no significant effect on assay results over a storage period of 97 days (Table 2) . After about 15 days, the substrate developed some color even though it was stored in an amber-colored bottle in the dark. The variation shown in Table 2 illustrates that this coloration has no apparent effect on the measured values of the enzyme activity.
Inhibition:
During the course of some of the studies it became apparent that there was a lag phase of 1 to 2 mm in the method being used. A similar effect was reported with p-phenylenediamine as substrate and was ascribed to the presence of ascorbic acid in serum (10, 11 ). Inhibition by ascorbic acid was demonstrated in our method by adding L-ascorbic acid to Av of duplicate values for a pooled sample of pregnancy the buffer before incubation, causing the lag phase to increase with ascorbic acid concentration ( Figure 2 ). Ascorbic acid reportedly is unstable in serum (22), and we therefore performed some experiments to try to elucidate further the cause of the observed lag phase. Pooled pregnancy serum, 10 ml, was dialyzed against de-ionized water (6 liters) for about 28 h. The activities of the dialyzed serum and of a control serum, maintained under similar conditions, were compared by a rate study. The results (Figure 3 ) show increased activity in the dialyzed serum but with a similar lag phase for both. Thus ascorbic acid is probably not causing the lag phase because it would have been dialyzed away under the conditions used in this experiment.
In no instance was the lag phase in serum found to be greater than 2 mm, and for this reason we chose to calculate the enzyme activity from the interval between 5 and 15 mm of incubation. Figure 4 , where the effect of adding chloride ion to the dialyzed serum is seen to be a decrease in the enzymatic activity. The lowest chloride ion concentration in Figure 4 corresponds to the chloride in the assay mixture from the o-dianisidine dihydrochloride.
There is
. relatively little change in activity in the normal phys- Mmol/ml of reaction mixture) were added to the solutions before the activity measurement.
Thus this inhibitory effect will not contribute to the variation in ceruloplasmin activities that may be found in patients' samples. The difference in the curves shown in Figure 3 is therefore attributed to the paucity of chloride ion (2 mmol/liter) in the dialyzed serum as compared to a chloride concentration of 97 mmol/ liter in the nondialyzed serum. When chloride ions were added to the dialyzed serum to restore the concentration to 100 mmol/liter, the resulting ceruloplasmin activity was indistinguishable from that of the corresponding nondialyzed serum.
Standardization
We wished to express the activity of the enzyme in serum in terms of International Units. The experimental details of the standardization (1 7 ), are based on the calculation of the absorptivity of the final color in terms of substrate consumed instead of product formed, as the structure of the final product is not exactly known, being dependent on the pH of the reaction and on the strength of the acid used in the final color development which was used to calculate all the data for ceruloplasmin activity reported here. to measure serum ceruloplasmin stability under different storage conditions showed that there is a gradual loss of activity after two days at room temperature, but that the activity is stable for at least 10 days at refrigerator ternperature (4 #{176}C). Repeated freezing and thawing did not cause demonstrable loss of activity during 10 days (CV = 1.8%).
Comparison with Reference Method
Interference Studies
We studied the effect of some other serum constituents on the measurement of ceruloplasmin by our method. To all these sera was added a measured activity of ceruloplasmin (equivalent to a serum level of 203 U/liter) in aqueous buffered solution and the activity of the mixture was determined. "Calculated" activity in Table 4 refers to the sum of the activity in the serum, measured separately, Table 5 illustrates that citric acid, cupric ions, or hemoglobin had no inhibitory or catalytic effect on the enzymatic reactions in the amounts added, which were all in excess of the equivalent of five times the normal values for serum. When ferrous ions were added to the solutions to give concentrations in excess of normal amounts in serum, we found a catalytic oxidation of substrate corresponding to about 10% of the enzymatic activity.
Normal Values
The normal range [the mean plus or minus two standard deviations, after excluding outliers (24)] was 62-140 U/liter for 78 clinically healthy young men. Women were not used to establish the normal range because of several elevated values encountered among them, probably caused by oral estrogen intake, which has been reported to result in high activities of the enzyme in the sera of nonpregnant females (25 ). The reaction being followed was demonstrated to be enzymatic by temperature inactivation studies and by a comparison of kinetic and energetic data derived from rate studies in serum and in solutions of commercial ceruloplasmin ( (Table 5) . Sample collection in oxalate-and heparin-coated tubes resulted in 97% and 9% inhibition, respectively (Table 5) . Two-to three-fold activation of p-phenylenediamine has been reported in the presence of trace amounts (2 X 10 mol/liter) of ferrous ion in the reaction mixture (31 ). In our case the results in Table 5 , which correspond to 2.2 X 10, 45 X i0, and 9 x 10 mol of ferrous ion per liter shown minimal activation (approximately 10%), demonstrating no major interference of the enzymatic assay by high serum iron or by iron contamination of reagents or glassware.
Sera containing abnormal amounts of bilirubin, uric acid, and blood urea nitrogen had no inhibitory effect on ceruloplasmin as measured by this procedure (Table 4) . Hemoglobin in amounts up to 300 mg/dl had no demonstrable effects on the method, (Table 5 ). These substances were specifically selected with a view to possible interference caused by turbidity in lipemic serum, enhanced color in icteric or hemolyzed sera, and competitive inhibition by uric acid, a known reducing agent. Blood urea nitrogen, an indicator of renal status, was selected to see the effect of renal failure (and its concurrent effect on serum) on the method. Inhibition, apparent only at greatly elevated concentrations of these compounds, is not considered a serious drawback to the method.
As mentioned, the measurement of ceruloplasmin by immunodiffusion plate technique is considered to be the most specific method for the protein, because it is not subject to the experimental variables experienced in enzymatic assays. The good correlation (r .97) obtained between results by our procedure and the immunodiffusion plate method ( Figure 5 ) mdicates that the enzymatic method is highly acceptable.
Comparison with a method in which p-phenylenediamine is used as substrate (11 ) also showed good correlation ( Figure 6 ), but in spite of precautions taken to prevent nonenzymatic product formation, the curve intercepts the ordinate at a point equivalent to a p-phenylenediamine oxidase activity of 100 units. Thus the p-phenylenediamine oxidase activity of human serum exceeds that which can be accounted for by its ceruloplasmin content as measured by our procedure.
